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Abstract

Background: Obesity is associated with the development of cardiovascular diseases and is a serious public health
problem. In animal models, high-fat diet (HFD) feeding impairs cardiac structure and function and promotes oxidative
stress and apoptosis. Resistance exercise training (RT), however, has been recommended as coadjutant in the treatment
of cardiometabolic diseases, including obesity, because it increases energy expenditure and stimulates lipolysis.

Objective: In this systematic review, we aimed to assess the benefits of RT on the heart of rats and mice fed HFD.

Methods: Original studies were identified by searching PubMed, Scopus, and Embase databases from December 2007
to December 2022. This study was conducted in accordance with the criteria established by PRISMA and registered in
PROSPERO (CRD42022369217). The risk of bias and methodological quality was evaluated by SYRCLE and CAMARADES,
respectively. Eligible studies included original articles published in English that evaluated cardiac outcomes in rodents
submitted to over 4 weeks of RT and controlled by a sedentary, HFD-fed control group (n = 5).

Results: The results showed that RT mitigates cardiac oxidative stress, inflammation, and endoplasmic reticulum
stress. It also modifies the activity of structural remodeling markers, although it does not alter biometric parameters,
histomorphometric parameters, or the contractile function of cardiomyocytes.

Conclusion: Our results indicate that RT partially counteracts the HFD-induced adverse cardiac remodeling by
increasing the activity of structural remodeling markers; elevating mitochondrial biogenesis; reducing oxidative stress,
inflammatory markers, and endoplasmic reticulum stress; and improving hemodynamic, anthropometric, and metabolic
parameters.

Keywords: Cardiac Myocytes; High-Fat Diet; esistance Training; Systematic Review.

Introduction the development of metabolic, renal, hepatic, pancreatic,
and cardiovascular disorders.*® These complications
include obesity, accumulation of fat in the abdominal
region, insulin resistance, hypertension, changes in cardiac
function, development of non-alcoholic fatty liver disease,
endothelial dysfunction, and increased inflammation and
apoptosis. 721

Currently, obesity is a serious public health problem. In
2016, more than 1.9 billion adults were overweight, 650
million of whom were classified as obese.” Obesity is a
disease in which excess body fat accumulates to the point
of affecting health. This is characterized by the combination
of excessive energy consumption, lack of physical activity,
and genetic predisposition. Resistance exercise training (RT) is recommended as a
non-pharmacological tool to combat and prevent several
cardiometabolic diseases, including obesity."> A recent
meta-analysis involving clinical studies showed that RT can
increase lean body mass and reduce body fat mass and
percentage in overweight and obese individuals." It is known
that RT stimulates total energy expenditure and promotes
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In Western countries, the dietary intake of fats (i.e.,
approximately 40%) exceeds the recommended nutritional
values of 5% to 10%,* and this type of diet can lead to
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functional and structural changes in the heart and consequent
cardiac remodeling. In this sense, HFD can increase left
ventricular (LV) mass and fibrosis, reduce ejection fraction
and fractional shortening, and increase the thickness of the
LV during systole and diastole.*'%'8

Regarding physical exercise, mice treated with HFD and
submitted to aerobic exercise (i.e., running and swimming)
have shown positive adaptations in the adipose tissue
(i.e., low lipid content and reduced oxidative stress and
inflammation).” In the heart, exercised rats presented
improvements in structural parameters and contractile
capacity.?*?* Concerning RT, rats with systemic or pulmonary
arterial hypertension submitted to RT showed improved
cardiac function®* and LV myocyte contractile function, while
collagen content and myocardial fibrosis*> were diminished,
which are clear indications of cardioprotection. Despite that,
the effects of RT on the cardiac structure and function of
rodents fed HFD have been less investigated. Therefore, in
this systematic review we aimed to assess the benefits of RT
on the hearts of rats and mice fed HFD.

Methods

Protocol and registration

This systematic review was conducted in accordance
with the criteria established by the Preferred Reporting
Items for Systematic Review and Meta-Analyses (PRISMA).
The developed protocol was registered in the International
Prospective Register of Systematic Reviews (PROSPERO) under
registration number CRD42022369217.

Search strategy

Relevant studies were identified by searching PubMed,
Scopus, and Embase databases from the last 15 years from
December 2007 to December 2022. The descriptor terms
were associated with the Boolean operators as follows:
(“strength training” OR “resistance training” OR “weight
training”) AND (obes* OR “high fat diet” OR HFD) AND
(rat OR mice OR mouse) AND (heart OR cardiomyocyte OR
cardiac OR “left ventricle”).

Eligibility criteria

For the studies eligibility, the PICOS strategy was applied
as displayed in Table 1. The evaluation of the eligibility
criteria was performed blindly by 2 independent researchers
(AMOP and SFFC). Disagreements between researchers
were discussed with a third researcher (AJN) and resolved
in consensus.

Data extraction and analysis

Data and information of interest were extracted by AMOP,
SFFC, and LBL. The main information obtained were on
animal characteristics (lineage, strain, sex, and age); period
and composition of HFD treatment (% fat); RT protocol
(model, intensity, series, rest period, weekly frequency, and
total duration of intervention); and anthropometric, metabolic,
and cardiac outcomes.

Risk of bias and study quality evaluation

The risk of bias was examined conforming to the
guidelines recommended in the risk of bias tool for animal
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Table 1 - Population, intervention, comparison, outcomes, and

study (PICOS) criteria

Inclusion criteria
Population

* Rodents

Intervention

* Resistance training with total
duration > 4 weeks

Comparators

« Exercised group
compared with non-exercised
(sedentary), both treated
with HFD

Outcomes

« Cardiac structure,
function, oxidative stress,
inflammation, mitochondrial

Exclusion criteria
Population

* Humans

* In silico studies

* Ex vivo studies
Intervention

* No intervention with
resistance training

* Other type of exercise
intervention

Comparators

« Sedentary or exercised
group not treated
with HFD

Outcomes

* No determination of
outcomes with respect to
cardiac tissue

biogenesis, and markers of
tissue remodeling

Publication parameters Publication parameters

« Original study * Non-original study

* Published between December * Letters

2007 and December 2022

« English language * Abstracts

HFD: high-fat diet.

studies SYRCLE (Systematic Review Centre for Laboratory
Animal Experimentation).?® The questions were answered
with “yes” (low risk of bias), “no” (high risk of bias), or
“unclear” (unclear risk of bias), according to each of the
following 10 item tools: random sequence generation,
baseline characteristics, allocation concealment, random
housing, blinding of caregivers/investigators, random
outcome assessment, blinding of outcome assessment,
incomplete outcome data, selective reporting, and other
bias. The evaluation was performed blindly by 2 independent
researchers (AMOP and LBL). Review Manager software,
version 5.4 was used to conduct this analysis and to produce
the risk of bias figures.

The quality of studies was evaluated using the Collaborative
Approach to Meta-Analysis and Review of Animal Data from
Experimental Studies (CAMARADES) checklist containing 10
items.?” The articles were scored with one point for reporting
the required information and zero points when information was
missing, with a total score of maximum 10 points, with 1 to 3
points regarded as low quality, 4 to 7 points regarded as medium
quality, and 8 to 10 points regarded as high quality. The evaluation
was performed independently by 2 authors (AMOP and LBL).
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Results

Selection of studies

The search resulted in 70 articles (PubMed n = 11;
Scopus n = 34; Embase n = 25) (Figure 1). After excluding
duplicate articles (n = 33), 37 articles were selected for
the title and abstract reading. After that, 28 articles were
excluded for not meeting the inclusion criteria: non-
original articles (n = 14); studies without animal models
(n = 1); studies without RT intervention (n = 11); studies
without evaluation of the heart (n = 1); no treatment with
HFD (n = 1).

Subsequently, 9 articles were selected for full text
reading and eligibility assessment. Then, 4 articles were
excluded: sedentary group not treated with HFD (n = 1);
non-treatment with HFD (n = 2); and non-intervention
with RT (n = 1). After exclusion, 5 articles remained and
were included in the systematic review.

Risk of bias and study quality

The results from bias analysis are shown in Figure 2.
For selection bias, the use of random sequence generation
for reducing selection bias was not reported in any of the
reviewed articles; therefore, all articles were graded as high
risk of bias. Body mass (BM), age, and sex were defined as
the baseline characteristics, and the majority of the articles
(n = 4; 80%) were graded as low risk. There was an unclear
risk of bias for allocation concealment in 4 studies, which
were thus graded as unclear on this item.

Regarding performance bias, because none of the
articles reported whether random housing was used
or whether the participants were blinded (blinding of
caregivers/investigators), all articles received high risk.
For detection bias, none of the studies reported whether
there was a random selection of animals (random outcome
assessment) or whether evaluators were blinded (blinding
of outcome assessment); thus, we graded all articles as high
risk. Additionally, 60% of articles received unclear risk,
and 40% received high risk for incomplete outcome data
(attrition bias). In relation to selective reporting (reporting
bias) and other bias, all articles had low risk of bias.

According to the CAMARADES evaluation (Table 2), all
studies presented medium methodological quality, with
scores ranging from 6 to 7 points. Based on this, 100%
of the studies were published in peer-reviewed journals,
reported control of temperature, included statement
of compliance with regulatory requirements, and used
appropriate animal models.

Most studies (80%) did not describe the use of any
anesthetic; only one study used anesthetic, but not to
assess outcomes of interest; therefore, all studies scored 1
point. Two studies did not include a statement of potential
conflict of interests, and only one did not present randomly
allocated groups. None of the studies reported allocation
concealment or blind evaluation of outcome, and none
described sample size calculation.
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Animal characteristics

Regarding the characteristics of the animals (Table 3), most
studies (n = 4; 80%) used Wistar®*° and Sprague-Dawley
rats,**while only one article used Swiss mice.** All studies were
performed with male sex, and the initial age of the animals
varied between 21 and 90 days.?®*3'32 Only those in the
study by Kim et al.>* were older than the others (51 weeks).

High-fat diet treatment

The fat percentage of HFD ranged between 20% and 59%
(Table 3). The total duration of the HFD feeding protocol
ranged between 11 and 26 weeks. In all studies, the animals
received HFD for a period before the start of RT, which
varied between 3 and 18 weeks.?8293133 The HFD was
subsequently maintained during the RT period until the end
of the experiment, which lasted 8,222 10,**and 12 weeks.?*%3

Resistance training protocols

Table 3 shows the characteristics of the RT protocols used
in the selected studies. Regarding exercise mode, climbing a
vertical ladder was used in all studies. In 3 studies (60%), prior
to the beginning of RT, the animals were submitted to maximal
load carrying test (MLCT) to determine the load used in the
RT sessions. In these studies, MLCT consisted of climbing the
stairs with a load equivalent to 50%°2 and 75%%*?° of BM, and
in subsequent climbs, 30-g loads were added until the point at
which the animal reached muscle fatigue. In the other studies
(n = 2), BM was used as the basis for determining the RT load;
therefore, MLCT was not used.

In 3 studies, the RT session consisted of 4 climbs with
50%, 75%, 90%, and 100% of the MLCT; if a rat reached
100% of its MLCT, an additional 30-g load was added until
subsequent climb (without fixed volume). In studies by Leite
et al.??and de Souza Lino et al.,*® 30-g loads were added for
each climb until a new carrying load was determined as the
RT load. On the other hand, Melo et al.**readjusted the RT
load with a new MLCT; however, the animals started the first
climb with the equivalent of 50% of the carrying load from
the prior RT session.

In 2 studies, the animals were not submitted to the MLCT;
therefore, they performed the stair climbing with weight
equivalent to their BM. In the study by Effting et al.,*' the
animals climbed the ladder with a load equivalent to 20% of
BM in weeks 1 and 2, 50% from the third to the sixth week,
and 75% in the seventh and eighth. The number of series
varied during the RT protocol as follows: in weeks 1 and 3,
the animals performed 5 series; in weeks 2, 4, and 7, they
performed 7 series; and in weeks 5, 7, and 8, they performed
10 series. In the study by Kim et al.,** in the first week the
animals climbed with 30% to 50% of their BM, and the weights
and the number of repetitions were incrementally increased,
but not specified. From the second week until the completion
of the exercise program, set 1T was conducted with weights of
70% of BM, sets 2 and 3 with weights of 80%, sets 4 and 5
with weights of 90%, and sets 6 to 8 with weights of 100%. If
a rat was able to climb the ladder with these loads, additional
weights were placed in the cylinder in 30-g increments for
each subsequent climb.

[ Identification of studies via databases ]
o
E Records identified from the databases Records removed before
E of PubMed (n = 11), Scopus (n = 34) screening:
= -
= and Embase (n =25) Duplicate records
3 Total = 70 removed (n = 33)
—_
(T +
_ Records excluded by title
[ Records screened (n = 37) ]—b[ or abstract (n = 28) ]
g Full-text t*l d
= ul-text articles assesse Full-text articles excluded,
2 for eligibility L _
e > as non-eligible (n = 4)
S (n=9)
@
[ Elegible studies (n = 5) ]
-
T ‘
3
=] Studies included in
e systematic review (n = 5)
-

Figure 1 - Flow diagram for literature search.
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Figure 2 - Risk of bias chart of methodological quality and reporting of
results of studies included in the systematic review.

In only one study, the rest period between sets was 60
seconds,®® while in the others 120 seconds were used.?%2931:33
In 3 studies, the frequency of RT was 3 times a week.?323
In the study Effting et al.,*" RT sessions were separated by
48 hours; therefore, the weekly frequency ranged from 3
to 4 times, totaling 28 sessions. In de Souza Lino et al.,*
the rats performed the RT protocol for 2 days interlarded by
rest periods of 72 hours (weekly frequency from 3 to 4). The
total duration of the RT intervention ranged between 8 and
12 weeks.

Main effects

Regarding anthropometric parameters and fat mass, RT
reduced the final BM in 3 studies,?®23" which followed a
reduction in body fat percentage and increase in fat-free
mass,*® although no changes in the adiposity index were
observed.?® Furthermore, in another study, RT did not change
the BM and adiposity index, but reduced epididymal and
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Table 2 - Assessment of the methodological quality of the
included studies

Study (1) (2 () (4 (5) (6) (7) (8) (9) (10)  Score
Lino et al.

et m @ m ¥ @ o 6
Effting et

P e ME ¥ 7
Km B wmw ¥ = o 6
et al.

Leite B @ owm M e ¥ 7
et al.

Meo & m ME & 6
et al.

(1) Publication in peer-reviewed journal; (2) statement of control of
temperature; (3) randomization of treatment or control; (4) allocation
concealment; (5) blinded assessment of outcome; (6) avoidance of
anesthetics with marked intrinsic properties; (7) appropriate animal
model; (8) sample size calculation; (9) statement of compliance with
regulatory requirements; (10) statement regarding possible conflict
of interest.

visceral fat.>* In the study by Kim et al.,** RT did not reduce
the final BM and intraperitoneal fat (sum of epididymal,
mesenteric, and retroperitoneal fats).

Additionally, RT improved insulin resistance,*® reduced
blood glucose,? 33 and counteracted the increase in total
cholesterol, triglycerides, HDL, and VLDL induced by HFD
feeding.?® Additionally, it reduced the cardiometabolic markers
Castelli’s ratio | (total cholesterol/HDL), Il (LDL/HDL), and
the triglycerides/HDL ratio.?® In another study, HFD feeding
and RT did not affect fasting glucose, lipid markers (e.g.,
total cholesterol and HDL), and systolic and diastolic blood
pressure.’? On the other hand, in the study by Leite et al.,*
RT neutralized the increase in systolic, diastolic, and mean
blood pressure in response to HFD feeding.

Furthermore, RT reduced levels of inflammatory markers
(e.g., TNF-a) and cardiac oxidative stress, denoted by
lower levels of DCFH and MDA, despite reduced catalase
activity and unchanged SOD activity.” In another study,?® RT
increased antioxidant enzymatic activity (e.g., Mn-SOD and
CAT) and reduced that of GSH and increased the activity
of tissue remodeling markers (pro- and intermediate MMP-
2). The active MMP-2 isoform did not change after the RT
intervention.? The results of the activities of the MMP-2
isoforms after RT intervention were similar to those shown
by Leite et al.®

In this sense, RT intervention increased the expression
of proteins related to mitochondrial biogenesis, such as
Cyto-C, SUD, and PGC-1a, and reduced the expression of
endoplasmic reticulum (ER) stress markers p-PERK/PERK,
although it did not change the expression of CHOP and
GRP78.%* In the study by Melo et al.,*? RT did not modify the
collagen content and cross-sectional area of the LV. In addition
to not improving the contractile function of cardiomyocytes
(e.g., fractional shortening, maximum rate of contraction and
relaxation, and time to 50% of contraction and relaxation),

Arq Bras Cardiol. 2024; 121(4):e20230490

RT did not modify the expression of proteins related to Ca**
handling, such as Serca2a, PLB, and pPLBser16, and the
respective SERCA2A/PLB and pPLBser16/PLB ratios. Most of
the studies reported unchanged biometric properties (i.e.,
heart weight, LV mass, and their ratios to BM and tibial length)
following RT intervention.?*3'32 Only Leite et al.,* showed
unchanged heart and LV mass, but increases in heart rate
were normalized for BM.

Discussion

In this systematic review, we aimed to assess the benefits of
RT on the heart of rats and mice fed HFD. We observed that
RT positively affects anthropometric, metabolic, functional,
and structural parameters altered by HFD.

Some studies have demonstrated that HFD treatment
impairs cardiac function and structure, in addition to
increasing inflammation and oxidative stress.”'%'”'® Although
in the study by de Souza Lino et al.?® HFD feeding (20%)
for 11 weeks did not affect cardiac lipid peroxidation and
antioxidant enzymatic activity (e.g., SOD, Mn-SOD, CAT,
and GPx) in rats, intervention with RT proved to exert a
cardioprotective function. In this sense, after 8 weeks of RT,
the animals exhibited lower BM and adiposity index, higher
cardiac Mn-SOD and CAT activities, and lower GSH.?® These
findings are in line with other studies in which an increase
in cardiac antioxidant capacity was observed in rats with
renovascular hypertension submitted to strength training.*

In this context, Effting et al.,>' showed that RT was effective
in reducing BM and improving glucose metabolism, in
addition to neutralizing the increase in oxidative stress (e.g.,
increase in DCFH and MDA) and in inflammatory markers
(e.g., TNF-a) in the hearts of mice fed HFD (i.e., 59% for
26 weeks). The increase in TNF-a after HFD feeding may
be explained by the ability of reactive oxygen species to
promote lesions in cardiac tissue, which might have led to
changes in immune responses.®? It is known that oxidative
stress triggers pathological cardiac hypertrophy and impairs
the contractile function of cardiomyocytes.?>*¢ Based on that,
cardiac enzymatic antioxidant mechanisms are essential to
restore the redox state and avoid exacerbated accumulation of
pro-oxidative agents that contribute to cardiac deterioration.?”
De Souza Lino et al.*® showed that RT positively regulated
Mn-SOD and CAT. However, the study by Effting et al.*’
indicated that SOD activity did not change and that of
CAT was negatively regulated by RT, suggesting that other
mechanisms are related to antioxidation, which demands
further investigation.

In the study by Kim et al.,** HFD-treated rats (50%)
underwent 12 weeks of RT and exhibited reduction in ER
stress markers (e.g., pPERK/PERK) in the LV. However, in
the same study, the expression of CHOP, another marker
of ER stress, was reduced only in the group that performed
aerobic exercise, which was associated with the reduction
in BM observed only in this training model, denoting the
importance of anthropometric control.** Because ER stress
is associated with oxidative stress and inflammation and is
increased in pathological cardiac hypertrophy and heart
failure,*® these findings indicate cardioprotection induced by
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RT. Furthermore, RT enhanced LV mitochondrial biogenesis,
as evidenced by the increased expression of Cyto-C, SUD, and
PGC-1a. Such findings indicate the beneficial effects of RT,
since the increase in mitochondrial biogenesis is associated
with reduced oxidative stress and apoptosis.** Mitochondrial
biogenesis has also conferred myocardial protection in a model
of heart failure.*

Regarding cardiac structural and extracellular matrix
remodeling, in 2 studies,?®?° RT increased the activity of
MMP-2 in the LV of rats fed HFD. It is known that MMP-2
expressed in cardiomyocytes acts directly on the turnover
of the extracellular matrix, promoting the degradation of
components such as collagen and fibronectin.*' Guzzoni et
al.*> demonstrated that 12 weeks of RT increased the activity
of the active MMP-2 isoform, with consequent reduction of
its endogenous TIMP-1 inhibitor, which directly contributed
to the neutralization of the increase in collagen and fibrosis
in the LV in response to aging. As several studies indicate
that HFD increases collagen levels and cardiac fibrosis,* the
upregulation of MMP-2 isoforms in response to RT is important
to mitigating damages to the functional properties of the heart.

In most of these studies, the HFD and TR did not directly
affect the cardiac biometric properties, which are indirect
markers of cardiac hypertrophy. For example, heart and LV
masses, 3293133 as well as their ratios to tibial length®* remained
unchanged. Only in the study by Leite et al.,*” RT increased
heart to BM ratio in the group treated with HFD, which
decreased in response to RT. Another study with healthy rats
also showed that RT increases the LV to BM ratio.*

It is well understood that, in the long-term, RT promotes
physiological concentric cardiac hypertrophy, characterized by
the addition of sarcomeres in parallel, increased cardiac mass,
and increased thickness of the LV wall.** Such adaptations
improved cardiac contractile function at the organ and
cellular levels, without the presence of deleterious changes
(i.e., increase in fibrotic tissue, oxidative stress, apoptosis, and
inflammation).*> On the other hand, in the included studies,
RT did not alter the heart and LV mass,?%23'33 or the cross-
sectional area and collagen content of LV* in animals fed HFD
and commercial chow diet. Based on that, further studies
evaluating histomorphometric changes and the signaling
pathways involved in cardiac structural remodeling are needed
to explore the effects of RT in this model.

Concerning cardiomyocyte function, Melo et al.??
demonstrated that RT improved the contractile function
of cardiomyocytes in rats fed commercial chow diet.
Although HFD (49.2% fat for 26 weeks) did not negatively
affect cardiomyocyte contractile function (e.g., shortening
fraction, contraction and relaxation velocities), the beneficial
effect of RT was also not observed in these animals. These
findings suggest that HFD-fed rats exhibit resistance to the
beneficial effects of RT. Other studies have found that RT
improved contractile function in cardiomyocytes in rats with
cardiovascular disease.?” In addition, Lavorato et al.* reported
that 8 weeks of running on a treadmill increased the contractile
function and transient intracellular calcium in cardiomyocytes,
whereas HFD (53%) impaired these parameters. More studies
are needed to explore the effect of RT on cardiomyocyte
function in animals treated with HFD.

Finally, this review has some limitations. First, few studies
have examined the effects of TR on HFD; therefore, more
studies in this area should be conducted to understand cardiac
cellular and molecular mechanisms. Second, the duration
of feeding and the percentage of fat in HFD were different
between studies, which makes it difficult to homogeneously
observe the effects of HFD treatment. For example, the study
by Melo et al.*? included in the systematic review demonstrated
that 26 weeks of HFD (i.e., 49.2%) treatment did not change the
cross-sectional area of cardiomyocytes. However, the opposite
result was demonstrated in another study that used a diet with
a higher percentage of fat (i.e., 60%) for 20 weeks.*

In this sense, it is important to highlight the fact that studies
with different species (i.e., rat and mouse) and strains (i.e., Wistar,
Sprague-Dawley, and Swiss) of rodents were included, which
may influence the general results of the HFD effects. Gong et
al.“® revealed that mice fed HFD (i.e., 45% kcal fat for 16 weeks)
showed cardiac hypertrophy at organ (i.e., heart and LV mass)
and cellular (i.e., increased cross-sectional area) levels, which
was not observed in the included studies. Moreover, the same
study by Gong et al.*® reported impairments in cardiac contractile
function (i.e., fraction of shortening and prolonged time to 90% of
relaxation), unlike the findings of Melo et al.*? Furthermore, only
one study evaluated results related to cardiomyocyte function
and cardiac histomorphometry, mitochondrial biogenesis, and
ER stress, which require further investigations.

Despite that, our study reveals that the TR and HFD models
have not been extensively explored, and such gaps contribute
to the direction of future studies on cardiac pathophysiology.
In this context, it is important to point out that the percentage
of fat present in the HFD and the exposure time are key
factors to be considered to clarify the real effects of the diet
on cardiac tissue, which makes it possible to compare different
interventions in a strongly established model.

Furthermore, we suggest that future studies involving the
practice of RT should be explored with different training loads
(i.e., intensity, volume, density, and weekly frequency) to
determine which model appears to be most appropriate for
patients. Moreover, it is extremely important for subsequent
studies to evaluate the outcomes of interest presented in the
studies included in this systematic review.

Conclusion

Our results indicate that RT partially counteracts the HFD-
induced adverse cardiac remodeling by increasing the activity
of structural remodeling markers; elevating mitochondrial
biogenesis; reducing oxidative stress, inflammatory marker,
and ER stress; and improving hemodynamic, anthropometric,
and metabolic parameters.

Author Contributions

Conception and design of the research: Portes AMO, Natali
AJ; Acquisition of data: Portes AMO, Costa SFF, Leite LB,
Lavorato VN, Miranda DC, Natali AJ; Analysis and interpretation
of the data and Critical revision of the manuscript for important
intellectual content: Portes AMO, Costa SFF, Leite LB, Lavorato
VN, Miranda DC, Moura AG, Soares LL, Isoldi MC, Natali AJ;

Arq Bras Cardiol. 2024; 121(4):e20230490



=)

™

I

£

oo

=

<

©

=]

£

7

-3

g o
T
<

s .9
T e
g <
T —
: 2
-]
5 O
» £ —
w.m S
<

s O

8/d¥9 < dOH) < ‘WYId/MY3d-d 1
“co_mwmaxm uiejold
:Sl9)jJew ssaljs wnjnaijal o_Ewm_a_ou:m .
NdINYIMDINYD D-109d L ‘NS L ‘0-019 |
:uoissaidxa u1gjoid
:sisauaboiq [elpuoyd0}iy
ING/MH © ‘MH <
:sanadoad sujawolg «

18} [eauojuadenul « ‘g <
:ssew jey pue sia)awesed sujowodoiyjuy «

P-INL T
:S|aAa) Jayiew Alojewwepju| «
HS9 < ‘Va 1 ‘H400 1
SR
1vd 1‘dos <
:Aynnoy
1SSAI)S SANEPIXQ o
111 ur 8jed Aeoap asoan|b | ‘@soon|b Bunseq 1
:s19)oweded |e21wayd01q pue djogela «
g 1
:s19)awesed aujawodoiyjuy «

Z-dININ @A1OE © ‘Z-dININ @leipawlaul | ‘2-dINIIN 0Jd |
‘Aynnoy

:slaylew Buijapowas anssi] o
uonepixosad pidi <
Xd9 © ‘HSO 1 ‘1v0 | ‘00S-UIN | ‘00S-eloL «
:Rynoy

:SS1)S BANEPIXQ o
yBlem A7 pue MH <

:safuadoid aujewolg «

0Bl TAH/TOL T ‘Il PUE | OBl SJIeIseDd T “IQTA T
107 © “1aH T “19L 1 1042)S3J0YD [€10) T ‘BILISEIAID T

:si9)aweded [e21WaY201q pue djoqeId «
xapul Aysodipe 1 ‘NG T
:ssew Jej pue siajaweled apjowodolyjuy «

S$)99M Z| :uoneInp [ejo] «

yoam/sawi ¢ :Aouanbaiy
S 0Z| :s)es usamjaq pouad say o
‘Buiquuio yusnbasgns
yoes Joy syuawaioul B og ul Japulho ayy ul paoeid alem
sjybrom [euonyippe ‘Speoj 8say} Yim Jappe| ay} quuijo o0}
a1qe sem JeJ e J| "(uoissas ayy Buunp uoissalboud peo|)
INg 4O %001 0} %0, uym sBuiquuijo g 03 | :suoissag e
pawuoyad JoN 19T
Buiquiio Jappe :|apol «

S)99M Q :uopeINp [B)Jo] o

(se0mysawu 1 03 €)
SUOISSaS UsaM}aq s[eAlajul Inoy-gy :Kauanbaig «
S 0Z) :s}as uaamjaq pouad }say
(uoissauboud peoj)
N JO %G/ 0} %0Z UM (uoissaiBboid awnjon)
uolssas Jad sbuiquiijd 0| 0} G :SUOISSaS o
pawuoyiad JON 1T
Buiquio JappeT :[BpoN o

S$)}09M g :uoneInp [ejo]
(seamysawly 0} €)

Y z/ o spouad 1saJ Aq papieajul shep om| :Kouanbaig «

S 0Z| :S)es uaamjaq pouad 3say «
“Buiquio
BAIX8 Yl e yum Ayoeded BuiAlied wnwixew mau e 1o}
pappe alam B gg euonippe ue ‘peo| Buikiied ayy 1o %001
payoeal Jel 8y} J| “Ayoeded Buihlied wnwixew ay) jo

%001 PUe ‘%06 ‘%G ‘%0S UM sBuiqui|o & :suoissag «
aunjiey [nun 6 og Jo uonippe

juanbasgns pue NG JO %G/ YiM Buiquifo isiid (LITIN »

Buiquiio Jappe :|apol «

(1Y Buunp syeam |
pue 1y 810jaq Sya8Mm Q)
SY99M g 40} e -

(%0S) Q4H uum Buipaay «  (Aejmeq-enbeids) sjey «

abe jo shep |G «

ee [B 19 WY

(1Y Buunp sysam g

pue |y 810J9q SYa9M Q1)
Sy0OM Qg 10} BN

(%63) a4H Yyym Buipsay « (ssimS) 901 « 166102 ‘[e 30 Buiya

abe Jo shep oy «

(1Y Bunp syeem g

pue 1Y a10J8q SydaM €)
SyoOM || 10} SleN -

(%02) @4H yum Buipsay « (Jeysin) s1ey « 50202 ‘[ 18 our

abe jo shep 06 -

Meay uo sj9aj urew pue ‘josojoid Bujurely asuejsisal ‘yuawyeal) JaIp Jej-ybiy ‘sonsuajoeieyd [ewiuy — ¢ ajqe]

121(4):20230490

Arq Bras Cardiol. 2024

7



Portes et al.

Resistance Exercise and Cardiac Remodeling in HFD

icle

| Art

igina

Or

‘eyd|e-10j08) SIS0I00U JOWN) :D-4NL ‘YIBUS| [eIqn 171 ‘SapLIBdAIBLY TOL NdNY (10} MdNY) ‘aseusboipAyep 8jeuroans :gNs ‘9Sedly ..e9 wninonel ojwseldoa.es :ezy9y3s ‘einssaid poojq 21joisAs :4gs
‘anssy} asodjpe ayym [eauojliadonal YL Buluses) souejsisal 1y ‘uonelfioydsoyd 9 oules g1d ‘9449sg7dd ‘uequejoydsoyd :gd p-| 10)eA}oe0d A-10)da0a. pajeAl}oe-10)e.8)110.d awosixosad :0-L99d
‘aseury winnopal ojwsejdopus axi-Y)d MYId HdWV-oydsoyd ydwyd ‘esenwsip apixoledns [eLpuoyooyw (qoS-un ‘z-aseursjoidojeiow z-dWN ‘epAyspieipuoiew g ‘3se) buifiiea peoj [ewixew

‘anssyy asodipe ajym [y ‘uisjoidodi Aysusp moj-AieA 11N

LTI ‘eanssaud poojq uesw (JgW ‘8JoLjusA 1aj A7 ‘ursjoidodi Aysusp-moy :7q7 S8} 8auetsjoy uynsur ;| Jybram jieay H 81p 1ej-ybly :g4H ‘uejoidodly Ausuap-ybiy g ‘esepixo auoiyienib :HS9

‘97 uisjoud pajeinbai-asoonib :9/4y9 ‘asepixoiad auoiyieinib :x49 ‘Buiusioys [euoioRly (S ‘aNssi) 8sodipe aym [ewApIpIde [y [uiedsalon)jolpAyIpololyolp (H40a ‘einssald poojq oljoselp dgd ‘9
aWO.IY20)/2 :9-0)A7) ‘eale [BUOIIDSS-SS0.1D (S ‘uivjoid snobojowoy 4g3/9 dnoidodeo.d :qoHo ‘aseieied :jy9 ‘ssew Apoq g ‘aseury uisjoid pajernse-diNy MdWy pebueyoun i« ‘aseasoap 1 ‘aseaou 1|

g1d/914esg1dd <
‘91d/v¥ZvIYIS < ‘9148sgTdd « ‘g1d < ‘ezedses «

:uoIssaldxa uieoid
:sutajosd Buijpuey wnigey .«

UOI}eXE[aJ PUB UOIJIBJIUOD JO 8} WNWIXeW <
‘uoljexe|al pue UOI}IBIIU0I JO %0G 0} dWl} «> ‘S{ &>

:uojauny ajioeuod ayfaofwolpie) «
uabe||09 & ‘YS9 <
:saipadoud [ea1bojo)SIH
TUAT € AT < TUMH © ‘Mesy <
:sanadoad sujawolg «
T1AH © ‘[0J8)s8|0YD [B}0} © ‘9S00N|9 >
:s19jawesed [eI1WAYI0IQ pue 1[0qeIBN «
dgqd < d8s <
:sia)awelsed sjweulpoway .

1VM [eJ80SIA T ‘1Y@ T
IV © ‘xapul Aysodipe « ‘jey Apoq « ‘NG ©

:ssew ey pue siajawesed sujowodoiyjuy «

2-dININ 8AE © ‘Z-dINIIN Bje1pawuIBul | ‘Z-dININ-04d |
Koy
:s1ayJew Buijapowal anssi] o
A1 < ‘ING/MH L ‘MH < dgIN T ‘9aS T d8S T
:sanadoad ojweufpoway pue sujawolg «
ssew aa1-e) | ‘(%) 18} 1 ‘W 1

:ssewl Jej pue siajowesed sujawodoiyjuy «

SY9aM ()| :uoneInp [30] o
(sjeasayur Jnoy-gy) yeam/sawiy ¢ :Aauanbaiy «
S 09 :s}as uaamjaq pouad }say «

‘a.njiey [un pappe
sem peo| B6-gg |euonippe ue ‘peoj Bulkiied ayy Jo %001
payoeau [ewiue ayy §| ‘Ayoeded Buihiied wnwixew ayy
40 %001 PUB ‘%06 ‘%G/ ‘%0G Uim sbuiquiij) :suoissag «

aunjgey o} [yun speoj B-0g [euonippe
Juanbasqns Lyim ‘g JO %0G YuM Buiquil 1.1 LTI

Buiguilo JappeT :[apoN «

SY9OM Z| :uoneInp [ejo] e
(s[eatajul Jnoy-gy) deem/sawi ¢ :Aouanbaiq «
S 0Z| :S)as usamjaq pouad )say «

"paulwIg)ep sem peo| Buikiies mau

e [[jun pappe sem peo| B-g [euonippe ue ‘peo| Buikiied sy

40 %001 Payoeau jes e J| ‘Ayoedes Buihiied wnwixew sy} Jo
%00} PUE ‘%06 ‘%S/ ‘%0S UHM SBuiquijo Jno4 isuoissag «

aunjiey [un speoj 6 gg [euonippe
juanbasans Yim ‘INg 4O %G/ uum Buiquind 3siid (LT «

Buiquiifo JappeT :[epo «

(1Y Buunp sygam 0
pue 1Y 81048q Sy9aM 9| )
SY99M 97 IO}

(%2°6%7) A4H unm Buipssy «

(1y Buunp syaam
Zl PUB |y 810J8q SY88M Z1)
S)99M {7 40}

(%0€) @4H um Buipaay .

abe Jo shep /¢ «
Jle\ o
(Jeysin) siey « 0’18 18 OO\

abe jo shep 1z «
EIENID
(Jeysipn) siey « 6'[€ 30 8)iaT

8

Arq Bras Cardiol. 2024; 121(4):e20230490



Portes et al.
Resistance Exercise and Cardiac Remodeling in HFD

Original Article

Writing of the manuscript: Portes AMO, Lavorato VN, Miranda
DC, Moura AG, Soares LL, Isoldi MC, Natali AJ.

Potential conflict of interest

No potential conflict of interest relevant to this article was
reported.

Sources of funding

There were no external funding sources for this study.

References

1. World Health Organization. Obesity and overweight [Internet]. Geneva:
World Health Organization; 2023 [cited 2023 Dec 9]. Available from: www.
who.int/news-room/fact-sheets/detail/obesity-and-overweight.

2. Apovian CM. Obesity: Definition, Comorbidities, Causes, and Burden. Am
J Manag Care. 2016;22(7 Suppl):s176-85.

3. Gaillard D, Passilly-Degrace P, Besnard P. Molecular Mechanisms of Fat
Preference and Overeating. Ann N'Y Acad Sci. 2008;1141:163-75. doi:
10.1196/annals.1441.028.

4. CohenJC, Horton JD, Hobbs HH. Human Fatty Liver Disease: Old Questions
and New Insights. Science. 2011;332(6037):1519-23. doi: 10.1126/
science.1204265.

5. Leopoldo APL, Leopoldo AS, Sugizaki MM, Bruno A, Nascimento
AF, Luvizotto RA, et al. Myocardial Dysfunction and Abnormalities
in Intracellular Calcium Handling in Obese Rats. Arq Bras Cardiol.
2011;97(3):232-40. doi: 10.1590/50066-782x2011005000061.

6. White PA, Cercato LM, Arajo JM, Souza LA, Soares AF, Barbosa AP, et al.
Model of High-Fat Diet-Induced Obesity Associated to Insulin Resistance
and Glucose Intolerance. Arq Bras Endocrinol Metabol. 2013;57(5):339-45.
doi: 10.1590/s0004-27302013000500002.

7. Ramli NS, Brown L, Ismail b, Rahmat A. Effects of Red Pitaya Juice
Supplementation on Cardiovascular and Hepatic Changes in High-
Carbohydrate, High-Fat Diet-Induced Metabolic Syndrome Rats. BMC
Complement Altern Med. 2014;14:189. doi: 10.1186/1472-6882-14-189.

8. HanTs, Lean ME. A Clinical Perspective of Obesity, Metabolic Syndrome and
Cardiovascular Disease. JRSM Cardiovasc Dis. 2016;5:2048004016633371.
doi: 10.1177/2048004016633371.

9. Panchal SK, Poudyal H, Brown L. Quercetin Ameliorates Cardiovascular,
Hepatic, and Metabolic Changes in Diet-Induced Metabolic Syndrome in
Rats. J Nutr. 2012;142(6):1026-32. doi: 10.3945/jn.111.157263.

10. Poudyal H, Panchal SK, Ward LC, Waanders J, Brown L. Chronic High-
Carbohydrate, High-Fat Feeding in Rats Induces Reversible Metabolic,
Cardiovascular, and Liver Changes. Am J Physiol Endocrinol Metab.
2012;302(12):E1472-82. doi: 10.1152/ajpend0.00102.2012.

11. Leopoldo APL, Leopoldo AS, Silva DC, Nascimento AF, Campos DH,
Luvizotto RA, et al. Long-Term Obesity Promotes Alterations in Diastolic
Function Induced by Reduction of Phospholamban Phosphorylation
at Serine-16 without Affecting Calcium Handling. J Appl Physiol.
2014;117(6):669-78. doi: 10.1152/japplphysiol. 00088.2014.

12. Donnelly JE, Blair SN, Jakicic JM, Manore MM, Rankin JW, Smith BK; et al.
American College of Sports Medicine Position Stand. Appropriate Physical
Activity Intervention Strategies for Weight Loss and Prevention of Weight
Regain for Adults. Med Sci Sports Exerc. 2009;41(2):459-71. doi: 10.1249/
MSS.0b013e3181949333.

13. Lopez P, Taaffe DR, Galvao DA, Newton RU, Nonemacher ER, Wendt VM, et
al. Resistance Training Effectiveness on Body Composition and Body Weight
Outcomes in Individuals with Overweight and Obesity Across the Lifespan: a

Arq Bras Cardiol. 2024; 121(4):e20230490

Study association

This article is part of the thesis of master submitted by
Alexandre Martins Oliveira Portes, from Universidade Federal
de Ouro Preto.

Ethics approval and consent to participate

This article does not contain any studies with human
participants or animals performed by any of the authors.

Systematic Review and Meta-Analysis. Obes Rev. 2022;23(5):e13428. doi:
10.1111/obr.13428.

14. Picoli CC, Gilio GR, Henriques F, Leal LG, Besson JC, Lopes MA, et al.
Resistance Exercise Training Induces Subcutaneous and Visceral Adipose
Tissue Browning in Swiss Mice. ] Appl Physiol (1985). 2020;129(1):66-74.
doi: 10.1152/japplphysiol.00742.2019.

15. Buettner R, Scholmerich J, Bollheimer LC. High-Fat Diets: Modeling the
Metabolic Disorders of Human Obesity in Rodents. Obesity (Silver Spring).
2007;15(4):798-808. doi: 10.1038/0by.2007.608.

16. WaliJA, Jarzebska N, Raubenheimer D, Simpson SJ, Rodionov RN, O*Sullivan
JF. Cardio-Metabolic Effects of High-Fat Diets and Their Underlying
Mechanisms-a Narrative Review. Nutrients. 2020;12(5):1505. doi: 10.3390/
nu12051505.

17. Ghosh S, Sulistyoningrum DC, Glier MB, Verchere CB, Devlin AM. Altered
Glutathione Homeostasis in Heart Augments Cardiac Lipotoxicity Associated
with Diet-Induced Obesity in Mice. ] Biol Chem. 2011;286(49):42483-93.
doi: 10.1074/jbc.M111.304592.

18. Kang KW, Kim OS, Chin JY, Kim WH, Park SH, Choi YJ, et al. Diastolic
Dysfunction Induced by a High-Fat Diet is Associated with Mitochondrial
Abnormality and Adenosine Triphosphate Levels in Rats. Endocrinol Metab.
2015;30(4):557-68. doi: 10.3803/EnM.2015.30.4.557.

19. Ameérico ALV, Muller CR, Vecchiatto B, Martucci LF, Fonseca-Alaniz MH,
Evangelista FS. Aerobic Exercise Training Prevents Obesity and Insulin
Resistance Independent of the Renin Angiotensin System Modulation in the
Subcutaneous White Adipose Tissue. PLoS One. 2019;14(4):e0215896.
doi: 10.1371/journal.pone.0215896.

20. Paulino EC, Ferreira JC, Bechara LR, Tsutsui JM, Mathias W Jr, Lima FB,
et al. Exercise Training and Caloric Restriction Prevent Reduction in
Cardiac Ca2+-Handling Protein Profile in Obese Rats. Hypertension.
2010;56(4):629-35. doi: 10.1161/HYPERTENSIONAHA.110.156141.

21. Riahi S, Mohammadi MT, Sobhani V, Soleimany M. Chronic Effects of
Aerobic Exercise on Gene Expression of LOX-1 Receptor in the Heart of Rats
Fed with High Fat Diet. Iran J Basic Med Sci. 2015;18(8):805-12.

22. Ghorbanzadeh V, Mohammadi M, Mohaddes G, Dariushnejad H, Chodari
L, Mohammadi S. Protective Effect of Crocin and Voluntary Exercise Against
Okxidative Stress in the Heart of High-Fat Diet-Induced Type 2 Diabetic Rats.
Physiol Int. 2016;103(4):459-68. doi: 10.1556/2060.103.2016.4.6.

23. Fernandes CR, KannenV, Mata KM, Frajacomo FT, Jordao AA Jr, Gasparotto
B, et al. High-Fat and Fat-Enriched Diets Impair the Benefits of Moderate
Physical Training in the Aorta and the Heart in Rats. Front Nutr. 2017;4:21.
doi: 10.3389/fnut.2017.00021.

24. Perilhdo MS, Krause W Neto, Silva AA, Alves LLS, Antonio EL, Medeiros
A, etal. Linear Periodization of Strength Training in Blocks Attenuates
Hypertension and Diastolic Dysfunction with Normalization of Myocardial
Collagen Content in Spontaneously Hypertensive Rats. ] Hypertens.
2020;38(1):73-81. doi: 10.1097/HJH.0000000000002188.


about:blank
about:blank

Portes et al.
Resistance Exercise and Cardiac Remodeling in HFD

Original Article

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Soares LL, Leite LB, Ervilha LOG, Silva BAFD, Freitas MO, Portes AMO, et
al. Resistance Exercise Training Mitigates Left Ventricular Dysfunctions in
Pulmonary Artery Hypertension Model. Arq Bras Cardiol. 2022;119(4):574-
84. doi: 10.36660/abc.20210681.

Hooijmans CR, Rovers MM, Vries RB, Leenaars M, Ritskes-Hoitinga M,
Langendam MW. SYRCLE's Risk of Bias Tool for Animal Studies. BMC Med
Res Methodol. 2014;14:43. doi: 10.1186/1471-2288-14-43.

Macleod MR, O’Collins T, Howells DW, Donnan GA. Pooling of Animal
Experimental Data Reveals Influence of Study Design and Publication Bias.
Stroke. 2004;35(5):1203-8. doi: 10.1161/01.STR.0000125719.25853.20.

Lino ADS, Aquino AEJr, Leite RD, Speretta GFF, Moraes FD, Fabrizzi F, etal.
Resistance Training Improves the Lipid Profile, Combat Oxidative Stress and
Inhibit MMP-2 Activity in the Left Ventricle Diet-Induced Obese Rats. Motriz
Rev Educ Fis. 2020;26(3). doi: 10.1590/51980-6574202000030199.

Leite RD, Durigan RC, Lino ADS, Campos MVS, Souza MD, Aratjo HSS,
etal. Resistance Training may Concomitantly Benefit Body Composition,
Blood Pressure and Muscle MMP-2 Activity on the Left Ventricle of High-
Fat Fed Diet Rats. Metabolism. 2013;62(10):1477-84. doi: 10.1016/].
metabol.2013.05.009.

Melo SF, Barauna VG, Carneiro MA Jr, Bozi LH, Drummond LR, Natali
AJ, et al. Resistance Training Regulates Cardiac Function Through
Modulation of Mirna-214. Int ) Mol Sci. 2015;16(4):6855-67. doi:
10.3390/ijms16046855.

Effting PS, Brescianini SMS, Sorato HR, Fernandes BB, Fidelis GDSP, Silva
PRLD, et al. Resistance Exercise Modulates Oxidative Stress Parameters and
TNF-a Content in the Heart of Mice with Diet-Induced Obesity. Arq Bras
Cardiol. 2019;112(5):545-52. doi: 10.5935/abc.20190072.

Melo AB, Damiani APL, Coelho PM, Assis ALEM, Nogueira BV, Ferreira LG,
etal. Resistance Training Promotes Reduction in Visceral Adiposity without
Improvements in Cardiomyocyte Contractility and Calcium Handling in
Obese Rats. Int) Med Sci. 2020;17(12):1819-32. doi: 10.7150/ijms.42612

Kim K, Ahn N, Jung S. Comparison of Endoplasmic Reticulum Stress and
Mitochondrial Biogenesis Responses after 12 Weeks of Treadmill Running and
Ladder Climbing Exercises in the Cardiac Muscle of Middle-Aged Obese Rats.
Braz) Med Biol Res. 2018;51(10):e7508. doi: 10.1590/1414-431X20187508.

Santos RM, Santos JFD, Macedo FN, Marcal AC, Santana V) Filho, Wichi RB,
etal. Strength Training Reduces Cardiac and Renal Oxidative Stress in Rats
with Renovascular Hypertension. Arq Bras Cardiol. 2021;116(1):4-11. doi:
10.36660/abc.20190391.

Shah AK, Bhullar SK, Elimban V, Dhalla NS. Oxidative Stress asa Mechanism
for Functional Alterations in Cardiac Hypertrophy and Heart Failure.
Antioxidants. 2021;10(6):931. doi: 10.3390/antiox10060931.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46

Tham YK, Bernardo BC, Ooi JY, Weeks KL, McMullen JR. Pathophysiology
of Cardiac Hypertrophy and Heart Failure: Signaling Pathways and Novel
Therapeutic Targets. Arch Toxicol. 2015;89(9):1401-38. doi: 10.1007/
s00204-015-1477-x.

Dubois-Deruy E, Peugnet V, Turkieh A, Pinet F. Oxidative Stress in
Cardiovascular Diseases. Antioxidants. 2020;9(9):864. doi: 10.3390/
antiox9090864.

RenJ, Bi'Y, Sowers JR, Hetz C, Zhang Y. Endoplasmic Reticulum Stress and
Unfolded Protein Response in Cardiovascular Diseases. Nat Rev Cardiol.
2021;18(7):499-521. doi: 10.1038/s41569-021-00511-w.

Ma T, Huang X, Zheng H, Huang G, Li W, Liu X, et al. SFRP2 Improves
Mitochondrial Dynamics and Mitochondrial Biogenesis, Oxidative Stress,
and Apoptosis in Diabetic Cardiomyopathy. Oxid Med Cell Longev.
2021;2021:9265016. doi: 10.1155/2021/9265016.

Yu H, ZhangF, Yan P, Zhang S, Lou Y, Geng Z, et al. LARP7 Protects Against
Heart Failure by Enhancing Mitochondrial Biogenesis. Circulation.
2021;143(20):2007-22. doi: 10.1161/CIRCULATIONAHA.120.050812.

Bassiouni W, Ali MAM, Schulz R. Multifunctional Intracellular Matrix
Metalloproteinases: Implicationsin Disease. FEBS J. 2021;288(24):7162-82.
doi: 10.1111/febs.15701.

Guzzoni V, Marqueti RC, Durigan JLQ, Carvalho HF, Lino RLB, Mekaro
MS, et al. Reduced Collagen Accumulation and Augmented MMP-2
Activity in Left Ventricle of Old Rats Submitted to High-Intensity Resistance
Training. ) Appl Physiol (1985). 2017;123(3):655-63. doi: 10.1152/
japplphysiol.01090.2016.

Bernardo BC, Weeks KL, Pretorius L, McMullen JR. Molecular Distinction
between Physiological and Pathological Cardiac Hypertrophy: Experimental
Findings and Therapeutic Strategies. Pharmacol Ther. 2010;128(1):191-
227.doi: 10.1016/j.pharmthera.2010.04.005.

Lavorato VN, Miranda DC, Isoldi MC, Drummond FR, Soares LL, Reis ECC, et
al. Effects of Aerobic Exercise Trainingand Acai Supplementation on Cardiac
Structure and Function in Rats Submitted to a High-Fat Diet. Food Res Int.
2021;141:110168. doi: 10.1016/j.foodres.2021.110168.

YangH, Xin X, YuH, Bao, Jia P Wu N, etal. microRNA Expression Profilesin
Myocardium of High-Fat Diet-Induced Obesity Rat. Diabetes Metab Syndr
Obes. 2020;13:1147-59. doi: 10.2147/DMS0.5248948.

Gong, Li G, Tao J, Wu NN, Kandadi MR, Bi Y, et al. Double Knockout of
Akt2 and AMPK Accentuates High Fat Diet-Induced Cardiac Anomalies
Through a Cgas-STING-Mediated Mechanism. Biochim Biophys Acta Mol
Basis Dis. 2020;1866(10):165855. doi: 10.1016/j.bbadis.2020.165855.

m' This is an open-access article distributed under the terms of the Creative Commons Attribution License

Arq Bras Cardiol. 2024; 121(4):e20230490

10



